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Abstract
Background: Various types of vascular injury have been reported in the medical literature; the
isthmic part of the aorta is at particularly high risk of traumatic rupture. Early diagnosis results in
better survival, justifying the search for potential risk factors and diagnostic tests. The aim of this
research was to investigate the complex mechanism of blunt injury to the vascular wall with
particular focus on the branching region of the vessels. Geometric peculiarities were investigated.
Methods: Multi-phase equations have been used. The system of equations with certain boundary
conditions was solved numerically by applying the finite-difference method with order of
approximation equal to 0.0001.
Results: The degree of curvature (the Dean number) is highly informative about the shear stress
on the external surface of the vessel. An important function of the blood flow on the external wall
is to destroy rouleaux. The viscosity of phase 2 (f2) exceeds, by many times, the viscosity of phase
1 (f1). The major stress created by blood flow is expressed as the shear stress of f2. The volume
fraction of rouleaux depends to a greater degree on the concentration of erythrocytes (expressed
as the viscosity of the mixture) than on the shear stress. The peculiarities of rouleaux formation
were assessed and their impact on the local shear stress and, therefore, on the internal wall was
determined in relation to the erythrocyte concentration.
Conclusion: The results of this research take into account certain geometrical peculiarities of the
branching part of the vessel. The mathematical model created in this study will improve our
understanding of the complex mechanism of blunt injury to the vascular wall and, therefore,
conditions such as aortic rupture and traumatic acute myocardial infarction.
Background
Arterial lesions are widely recognized outcomes in trauma
patients. In the USA, approximately 7,500 to 8,000 cases
of blunt aortic injury occur each year, of which only about
1,000 to 1,500 survive [1-4]. Blunt aortic injuries are
responsible for up to 40% of fatalities occurring in traffic
accidents [5-7]. Studies based on autopsy findings have
shown that between 12 and 29% of all traffic fatalities
have additional thoracic aortic traumas [2-4,7,8]. In
patients with multiple injuries, the incidence of blunt tho-
racic aortic injury ranges from 3 to 17% [2,8-11]. In a
study by Smith et al. [1], blunt trauma to the aorta was
found to be the second most common cause of death fol-
lowing head injury.
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The main causes of blunt traumatic aortic injuries (76%)
are lateral and head-on motor vehicle collisions at speeds
greater than 50 km/h, or accidents associated with sub-
stantial car deformation, followed by falls from heights
and crush injuries [12,13]. Coronary dissection and rup-
ture resulting from trauma have also been reported [14-
18] where blunt injury was found to be the leading mech-
anism [19-21].
The isthmic part of the vessel was found to be at particu-
larly high risk of rupture [22]. Laceration or rupture of the
aortic isthmus has been previously reported in the medi-
cal literature [23]. Several mechanisms have been pro-
posed to explain traumatized arterial bifurcations.
Deceleration forces exerted on the aortic branches as the
result of a frontal collision can lead to the rupture of the
isthmus [24,25]. Compression of the aorta between the
spine and thorax has been shown to cause isthmic lacera-
tions [26]. Finally, torsion, shearing and bending forces
are exerted on the isthmus, leading to its rupture during
frontal and side motor vehicle impacts when rapid decel-
eration and chest compression are combined [23].
As we showed previously, blunt trauma may lead to cer-
tain hemodynamic peculiarities that can cause damage to
the endothelium and rupture of the vessel [21,27]. The
aim of this research was to investigate further the complex
mechanism of blunt injury to the vascular wall, with par-
ticular focus on branching parts of the vessels. Geometric
and rheological peculiarities were investigated.
Methods and results
A. External wall: considerations for curvature, shear stress 
and blood flow velocity
When blood flows through the branching area in the aorta
and large arteries it changes direction. When a fluid runs
through tubes a change of the fluid direction also occurs,
and this change is evaluated in terms of the centrifugal
force that acts on particles toward the external rounding
off. This action results in a secondary flow, and redistribu-
tion of velocities takes place. On the external wall, the
velocity of flow and the shear stress increase, but they
decrease on the internal surface of the wall [28,29]. The
results of experimental studies showed that the increase in
the shear stress and the influence of the curvature of the
vessel on resistance are considerably higher during lami-
nar flow than turbulent flow [28,29].
Assuming that blood flow in the cardiovascular system is
predominantly laminar [29], let me consider the shear
stress within the laminar flow on the external wall of the
branching part of the vessel. It is known [29] that branch-
ing regions of arteries have various angles. In general, for
their description, the coefficient of branching out is
applied (i.e. the relationship among sum of areas, angles
of branching, divisor of flow, profiles, velocities, Reynolds
number, radius of curvature of internal wall at branching,
diameters of diverging vessels) [29]. Various approaches
to evaluate the degree of branching of the aorta make the
classification of branching difficult.
As in previous research [28], let me take the Dean number
as a parameter to determine the influence of curvature on
the resistance to blood flow. I am interested in consider-
ing the following Reynolds number range that most
closely corresponds to human (physiological) range:
where R = radius of the tube (vessel), r = radius of the cur-
vature that can be applied to various branching areas of
the entire cardiovascular system [29]. Let me show how
the Dean number describes conditions arising from vari-
ous anatomical variations of the canine aorta. For this I
shall take three average curvature values that correspond
closely to the curvature of the aorta in general: R = 7 mm,
r = 25 mm; the maximal value of curvature, R = 7 mm, r =
15 mm; the minimal value of curvature of the ascending
aorta, R = 7 mm, r = 40 mm (Figure 1).
If flow is laminar, then the Dean number is determined as:
where Re = 
and d = diameter of the vessel, μ = fluid viscosity, ρ = den-
sity and U∞ = blood flow velocity.
The value of the coefficient of resistance (λ) is calculated
by the following formula [28]:
where λ0 = the coefficient of resistance of a straight tube by
the formula [28]:
where v = kinematic viscosity [28].
The shear stress is determined by the formula [29]:
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Where u is the average flow velocity.
Calculations for the three modes of curvature are given in
Tables 1, 2 and 3.
According to these tables, the degree of curvature (the
Dean number) is highly informative with regard to the
shear stress on the external surface of the vessel. For
instance, for the ascending aorta with an average blood
velocity of 0.2 m/s, the shear stress is 1.5–2 times greater
than that calculated for a straight (plane) tube (τ = 0.43 N/
m2) [29]. Also, according to tables 1, 2, 3, the curvature
may play a significant role when the vessel is compressed
as the result, for example, of injury. The compressed part
of the vessel can increase the shear stress [27]; however,
when the curvature is significant, the shear stress may
become even greater owing to the influence of both curva-
ture and compression. Thus, the Dean number is an
important factor to consider when determining the shear
stress acting on the external wall of the vessel. In addition,
according to tables 1, 2, 3, the shear stress may exceed the
physiological threshold calculated for the endothelium
(i.e. 40 N/m2) at the extreme value of blood velocity (1.2
m/s) [27,29].
According to the above and to our previous research
[21,27], three internal factors have been identified (the
Dean number, compression and blood flow velocity) that
can play a dominant role with respect to endothelium
damages and resulting vessel rupture. Let me now investi-
gate the conditions that appear as the result of fluid
(plasma) and particle (erythrocyte) movement, i.e. the
multiphase character of the medium. It will allow me to
look at the role of erythrocyte concentration, blood vis-
cosity and rouleaux formation on the external surface of
the vessel.
B. External wall: additional considerations for blood 
viscosity, erythrocyte concentration and rouleaux 
formation
Let me now determine the association between yield
velocity and shear stress [27,29]. Calculations are given in
Tables 4, 5 and 6.
According to tables 4, 5, 6, shear stress exceeds the maxi-
mal physiological value (40 N/m2) when blood viscosity
is around 3 mNcm-2 and the concentration of erythro-
cytes 28.7 %. Alternatively, at high yield velocity (10 – 50
m-1), only a high concentration of erythrocytes (48% and
higher) can result in abnormal values of blood viscosity
[29].
When the blood flow velocity is moderate (i.e. 0.1 – 0.4
m/s) [29] and the shear stress calculated by the formulae
(1, 2) equals 0.15 mNm-2 (i.e. physiological value), then
according to table 6 it is possible that the viscosity will
increase up to 9–11 mNm-2 if the erythrocyte concentra-
tion equals 48% or more and the yield velocity is within
the range 10 to 50 c-1 (calculations are made at blood flow
rate = 0.1 m/s) Therefore, it can be concluded that only
quite specific conditions such as an increase in the con-
centration of erythrocytes (48% or more) and relatively
slow motion of blood (equal to or less than 0.1 mc-1) [21]
may lead to the formation of rouleaux and increase the
shear stress on the external vessel wall.
In addition, according to tables 4, 5, 6, it can be seen that
the shear stress values are different at equal yield veloci-
ties. This indicates that two phases participate in creating
τ
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Arch of aorta Figure 1
Arch of aorta. External, internal vessel walls and the values of 
curvature (R and r).
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the shear stress, since if the flow of blood were homoge-
neous the stress would be the same.
For two-phase flow, the total shear stress is the sum of the
shear stresses of the two phases considered separately:
where phase 1 (f1) is liquid plasma and phase 2 (f2) is a
relatively solid phase (erythrocytes and rouleaux). From
this point of view, let me consider the theory of a multi-
phase medium [21,27,30], and in particular the relation-
ship between the longitudinal and transverse velocities of
the phases in the boundary layer during flow around a flat
surface [27].
Let us assume that the carrying flow, in a direction parallel
to the flat surface of the vessel, is viscous, and the flow
itself (solid particles = erythrocytes) is ideal. Also, we will
assume that axis x is along the direction of flow while axis
y is perpendicular to the surface. Then the two equations
for plasma (1st phase) will take the following form:
where κ is a coefficient of phase interaction [31]. The three
equations for erythrocytes (2nd phase) will take the fol-
lowing form:
An equation for the 1st and 2nd phases will take the follow-
ing form:
The boundary conditions for the system of partial differ-
ential equations (4)-(9) depend on x and y. Thus, for x =
x0 and any y, I have:
u1 = u2 = f1, v1 = v2 = f2, ρ2 = ,  ρ1 = ;    (10)
for x > x0 and y = 0, I have:
u1 = u2 = 0, v1 = 0, v2 = f3(τ1), ρ1 = 0;   (11)
and for x > x0, y = δ
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Table 2: Average value of curvature   = 0.68.
Velocity (m/s) Re number The Dean number λ Shear stress, τ 103 (N/m2)
0.2 747 253 0,16 0.8
0.4 1494 507 0.21 4.2
0.6 2241 762 0.24 10.92
1 3735 1270 0.29 36.61
1.2 4482 1524 0.31 56.35
() / R
r
12
Table 1: Average value of curvature   = 0.52.
Velocity (m/s) Re number The Dean number λ Shear stress, τ 103 (N/m2)
0.2 747 194 0,14 0.707
0.4 1494 388.4 0.189 3.81
0.6 2241 582.6 0.21 9.54
1 3735 971.1 0.26 32.8
1.2 4482 1165.3 0.281 50.9
() / R
r
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u1 = u2 = u∞.   (12)
In the above, u1 and u2 are the longitudinal components of
velocity; v1 and v2 are the transverse components of veloc-
ity; f1 and f2 = initial distribution of the velocities in the
boundary layer;   and   = initial distribution of the
densities. The beginning of the 2nd phase (due to separa-
tion) was determined from the calculated shear stress and
the corresponding separation determined from the exper-
imental data.
The system of equations (4)-(9) with boundary condi-
tions (10)-(12) was solved numerically by applying the
finite-difference method with order of approximation
equal to 0.0001. For two-phase flow, the shear stress is cal-
culated as a sum of the shear stresses of the two phases.
The numerical solution of the system for the equation of
the boundary layer for transverse velocities is shown in
Figures 2 and 3, where the longitudinal and transverse
velocities of the two phases differ negligibly from each
other.
This allows me to determine the approximate value of the
viscosity of f2 and the shear stress corresponding to f1 and
f2. The calculations are given in Tables 7, 8 and 9
Let me determine the volume fraction of rouleaux in f2. It
is known that in the absence of blood motion, when the
yield velocity equals zero, erythrocytes form rouleaux
[29]. First, let me consider the process of particle precipi-
tation in a fluid. The change in dimensionless velocity (β)
of the precipitation of particles depends on the volume
fraction of f2 (where β is the relationship of the velocity of
group precipitation to the velocity of a single precipita-
tion). The calculations have been made by other authors,
who have proved that the relative velocity can be deter-
mined by the formula due to A. D. Maude [32]:
β = (1-f2)α/m
Where α/m depends on the Reynolds number; if the Rey-
nolds number equals zero then α/m equals 5; if the Rey-
nolds number ranges from 10 to 100 then α/m ranges
from 4 to 3.5, or:
μm = (1+cf2)(1+2.5 f2 + 10.05 f2)
or
If one considers the sedimentation of a particle in a sus-
pension with viscosity μm and density ρm, then the equilib-
rium equation can be expressed as [31]:
ρm = f1ρ1i + f2ρ2i   (15)
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Table 3: Average value of curvature   = 0.41.
Velocity (m/s) Re number The Dean number λ Shear stress, τ 103 (N/m2)
0.2 747 153 0.13 0.65
0.4 1494 306 0.17 3.43
0.6 2241 459 0.2 9.1
1 3735 765.6 0.24 30.3
1.2 4482 918.8 0.26 47.2
() / R
r
12
Table 4: The relationship between blood viscosity, shear stress and yield velocity at concentration of erythrocytes 28.7%.
Blood viscosity (mNcm-2) Shear stress, τ 103 (N/m2) Yield velocity (m-1)
12 2.4 0.2
11 5.5 0.5
881
52 5 5
44 0 1 0
32 0 0 5 0World Journal of Emergency Surgery 2006, 1:28 http://www.wjes.org/content/1/1/28
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Using equations (13), (14) and (15) and the condition V1
= 0 (velocity of the f1 phase) it follows that:
where α is the diameter, μ is viscosity and ρ is the density
of the mixture
Taking into account β, I deduce the following:
Taking into account that rouleaux sediment in a medium
that contains plasma, erythrocytes and small number of
rouleaux (i.e. rouleaux are almost destroyed when the
yield velocity exceeds 500 c-1 [21]), μ1 can be calculated
according to Einstein formula:
My previous work [21] shows the relationship to blood
viscosity when the yield velocity is zero. This allows me
now to calculate the concentrations of rouleaux inside the
branching part of the vessel on both the external and
internal parts of the vessel wall.
Tables 7, 8 and 9 show that if the yield velocity slightly
increases then the shear stress of f2 increases sharply, and
then it will result in the destruction of rouleaux (the yield
velocity is 5). The viscosity of f2 considerably exceeds the
viscosity of f1; thus, an increase of the viscosity of a mix-
ture results in decreased yield velocity. Furthermore, the
increase in yield velocity results in a decrease of viscosity
of f2, although the shear stress of f2 increases owing to the
high concentration of erythrocytes. From tables 7, 8 and 9
one can observe that the major stress created by blood
flow can be expressed as the shear stress of f2.
According to tables 7, 8, 9, the shear stress of f2 is the
major factor. The shear stress of this second phase
depends on both erythrocytes and rouleaux [21]. The con-
centration of rouleaux can be calculated taking into
account the shear stress and viscosity of the mixture.
Tables 10, 11 and 12 show the dependence of rouleau
concentration on erythrocyte concentration.
Table 10, 11, 12 show that the volume fraction of
rouleaux depends to a greater extent on the concentration
of erythrocytes (which is expressed as the viscosity of the
mixture) than on the shear stress. This might be explained
by the increase in rouleaux formation when concentration
of erythrocytes is high.
Therefore, very importantly, for a specific part of the exter-
nal wall of the vessel, a blood viscosity of 9 mNcm-2 and a
volume fraction of rouleaux = 0.044 may appear only
when the concentration of erythrocytes is relatively high
(48% or more) and when the yield velocity equals 50 m-
1. Thus, only very specific conditions result in the possible
formation of rouleaux on the external wall of the vessel.
C. Internal wall
Let me consider the shear stress on the internal wall,
where such stress is usually considered to be low [33]. I
μ
μ
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Table 5: The relationship between blood viscosity, shear stress and yield velocity at concentration of erythrocytes 35.9%.
Blood viscosity (mNcm-2) Shear stress, τ 103 (N/m2) Yield velocity (m-1)
29 5.8 0.2
18 9 0.5
14 14 1
84 0 5
77 0 1 0
52 5 0 5 0
Table 6: The relationship between the blood viscosity, shear stress and yield velocity at concentration of erythrocytes 48%.
Blood viscosity (mNcm-2) Shear stress, τ 103 (N/m2) Yield velocity (m-1)
60 12 0.2
38 19 0.5
29 29 1
14 70 5
11 110 10
94 5 0 5 0World Journal of Emergency Surgery 2006, 1:28 http://www.wjes.org/content/1/1/28
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take account of the fact that, with the division of flow,
redistribution of velocity occurs, which may result in a fur-
ther 2-3-fold decrease of velocity on the internal wall [29].
The shear stress acting on the internal wall can be calcu-
lated according to the formula:
where λ = 0.06 [28]
Tables 13, 14, 15, 16, 17 show that rouleaux are more
likely to form on the internal wall of the vessel than on the
external one. Blunt trauma can lead to conditions of
short-term boundary layer separation on the internal wall
of the vessel where rouleaux can become attached
[21,27,29]. In addition, as it can be seen in Tables 13, 14,
15, 16, 17 that the higher the initial concentration of
erythrocytes, the more rouleaux can be formed on the
internal wall of the vessel. Therefore, the smaller the yield
velocity, the more rouleaux may form, and these can stick
to the internal wall of the vessel. Caro and colleagues [29]
conducted an experiment using actual erythrocytes and
microspheres made from polyvinyl latex: it was shown
that the coefficient of difference changed from 3 10-8
cm2c-1 to 1.5 10-7cm2c-1, which significantly exceeded the
coefficient of difference for Brownian movement of parti-
cles (approximately 4 10-10 cm2c-1).
Discussion
As mentioned earlier, aortic injury carries a significant
mortality with on-scene death occurring in more than
80% of individuals sustaining this injury [2,7]. In the
study conducted by Fabian et al. [34], 274 blunt aortic
injury cases were studied over a period of 2.5 years. The
lethality was 31%, with 63% of deaths due to aortic rup-
ture. Fabian et al. [34] concluded that aortic rupture
remains a major problem. The high mortality associated
with delayed diagnosis has justified the search for poten-
tial risk factors and diagnostic tests [23].
Attempts to identify such risk factors have been made in
several research studies. Several risk factors were studied
by Kram and colleagues [35]. Pelvic fracture, myocardial
contusion, intra-abdominal injury and hypotension were
found to be significantly associated with aortic injury in
their study [35]. In addition to pelvic trauma, Blackmore
and colleagues [36] identified other significant predictors
for aortic injury including lack of occupant restraint (seat
belt) and presence of head injury or pneumothorax.
Despite a relatively small sample size, Horton and col-
leagues [37] found that a deep intrusion (more than 15
inches) near impact and high Delta V contribute signifi-
cantly to the risk of thoracic aortic injury. At the same
time, airbag and seatbelt use were found to have no effect
on the incidence of thoracic aortic tear. Finally, a sudden,
violent deceleration was found to be important in the
incidence of aortic trauma [8,38].
Although aortic injury is uncommon, injury to the aortic
isthmus is the most frequent presentation, particularly
when associated with widened mediumstinum and blunt
chest trauma [39]. In addition, there is always a better
potential for survival when the diagnosis for aortic root
τ
λρ
=
u2
8
Theoretical distribution of transverse velocity Figure 3
Theoretical distribution of transverse velocity.
Figure 3
Theoretical distribution of longitudinal velocity Figure 2
Theoretical distribution of longitudinal velocity.World Journal of Emergency Surgery 2006, 1:28 http://www.wjes.org/content/1/1/28
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injury is made early. Future research should identify a set
of the most important risk factors, which will help physi-
cians to prevent mortality from aortic injury in emergency
room settings.
This study is the first to attempt to identify the "internal"
or "intrinsic" risk factors that may predispose an individ-
ual to aortic rupture. This study has determined that the
shear stresses caused by plasma and erythrocytes differ sig-
nificantly: the shear stress caused by erythrocytes is much
higher than the stress created by plasma. Therefore, the
impact of the shear stress caused by the second phase
(erythrocytes) may be more significant than the impact of
the first phase (plasma).
As noted in previous research, blunt injury to the vascular
wall may result in the formation of rouleaux [21]. There-
fore, the impact of the shear stress caused by the second
phase may become particular prominent in trauma
patients. However, the impact of the shear stress created
by rouleaux is even greater then that of the shear stress
from erythrocytes because of the size differences. There-
fore, in trauma patients, the risk of aortic rupture is related
to geometric peculiarities such as geometry of the vessel
(the Dean number) and the extent of rouleaux formation.
This may provide insights into the delayed rupture of the
branching part of the vessels in the posttraumatic period
(Table 18). According to this research, rouleaux formation
due to trauma may lead to increased shear stress. Even if
this increase is only 1.5-2-fold in a straight vessel, it is 4
times greater on the internal part of the vessel. Therefore,
in some parts of the vascular system, the shear stress may
increase up to 120 – 140 N/m2 (a shear stress of 40 N/m2
or more can damage the endothelium of the vessel, as
mentioned earlier).
In general, substantial variations in the geometric param-
eters of human arteries have been recognized as knowl-
edge of the geometric peculiarities of coronary vessels has
advanced, perhaps because of their clinical significance
[40-42]. In a study by Hutchins et al. [41], the range of
angles in 56 coronary artery branches was shown to vary
from 32 to 124 degrees. Both in vitro [43] and in vivo [44]
studies have revealed substantial variation in arterial
geometry at human aortic bifurcations. Arterial geometry
has been suggested to play the role in hemodynamics and
atherosclerosis [45]. Friedman et al. [46] suggested that
various geometrical configurations of the vessel may
result in different distributions of mechanical stress in the
wall.
Our experience shows that various types of trauma may
result in such serious outcomes as acute myocardial inf-
arction [20,21,49,51,52]. Recognition of the fact that cer-
tain geometrical peculiarities in coronary arteries may
predispose them to delayed rupture trauma may become
important not only for identifying screening and treat-
ment procedures to prevent further myocardial damage
from trauma, but also to prevent further complications
such as ventricular fibrillation. This is particularly impor-
tant since acute myocardial infarction resulting from
trauma has been shown to occur several hours or days
after the trauma [19,49-52] (Table 18).
On the other hand, in some studies, pelvic and intra-
abdominal injuries have been shown to be significantly
associated with aortic injury. At the same time, there is no
consensus about the capacity of seatbelt use to protect
from such types of injury. The knowledge that certain geo-
metric and rheological peculiarities may predispose a par-
ticular person to the impact of traumatic injury may help
Table 8: The relationship between yield velocity, whole blood viscosity and shear stress of phases 1 and 2 when erythrocyte 
concentration is 35.9%.
Yield velocity (m-1) Blood viscosity μ2 (mNcm-2) Shear stress corresponding to 
f1, τ1 103 (N/m2)
Shear stress corresponding to 
f2, τ1 103 (N/m2)
0.2 78.47 0.15 5.6
0.5 47.88 0.38 8.46
1 36.77 0.76 12.9
5 20.88 3.84 36
Table 7: The relationship between yield velocity, whole blood viscosity and shear stress of phases 1 and 2 when erythrocyte 
concentration is 28%.
Yield velocity (m-1) Blood viscosity μ2 (mNcm-2) Shear stress corresponding to f1, 
τ1 103 (N/m2)
Shear stress corresponding to f2, 
τ1 103 (N/m2)
0.2 39 0.17 2.1
0.5 36.2 0.43 5.06
1 25.5 0.864 7.14
5 14.78 4.32 20.58World Journal of Emergency Surgery 2006, 1:28 http://www.wjes.org/content/1/1/28
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Table 9: The relationship between yield velocity, whole blood viscosity and shear stress of phases 1 and 2 when erythrocyte 
concentration is 48%.
Yield velocity (m-1) Blood viscosity μ2 (mNcm-2) Shear stress corresponding to 
f1, τ1 103 (N/m2)
Shear stress corresponding to 
f2, τ1 103 (N/m2)
0.2 123.7 0.12 11.8
0 . 5 7 7 . 90 . 3 11 8 . 4
1 5 9 . 10 . 6 22 8 . 3
5 2 7 . 83 . 1 26 4
Table 10: The dependence of volume fraction of rouleaux from concentration of erythrocytes (28%).
Yield velocity (m-1) Shear stress of a mixture, τ 
103 (N/m2), [29]
Viscosity of a mixture, 
(mNcm-2)
Volume fraction of rouleaux
0.2 2.4 12 0.17
0.5 5.5 11 0.12
1880 . 0 4 8
52 5 50
10 40 4 0
Table 11: The dependence of volume fraction of rouleaux from concentration of erythrocytes (35.9%).
Yield velocity, (m-1) Shear stress of a mixture, τ 
103 (N/m2), [29]
Viscosity of a mixture, 
(mNcm-2)
Volume fraction of rouleaux
0.2 5.8 29 0.59
0.5 9 18 0.36
1 14 14 0.24
54 0 80 . 0 4 8
10 70 7 0
Table 12: The dependence of volume fraction of rouleaux from concentration of erythrocytes (48%).
Yield velocity, (m-1) Shear stress of a mixture, τ 
103 (N/m2), [29]
Viscosity of a mixture, 
(mNcm-2)
Volume fraction of rouleaux
0.2 12 60 0.87
0.5 19 38 0.61
1 29 29 0.36
5 70 14 0.24
10 110 11 0.12
Table 13: The dependence of rouleaux formation on the concentration of erythrocytes (28%) on the inner wall of the branching part of 
the vessel.
Yield velocity, (m-1) Shear stress of a mixture, τ 
103 (N/m2), [29]
Viscosity of a mixture, 
(mNcm-2)
Volume fraction of rouleaux
0.2 0.003 11 0.12
0.5 0.018 7 0.03
10 . 0 7 5 40 .
50 . 3 40
10 0.5 5 0World Journal of Emergency Surgery 2006, 1:28 http://www.wjes.org/content/1/1/28
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us to identify the forces affecting the abdominal and pel-
Table 14: The dependence of rouleaux formation on the concentration of erythrocytes (35.9%) on the inner wall of the branching part 
of the vessel.
Yield velocity, (m-1) Shear stress of a mixture, τ 103 (N/
m2), [29]
Viscosity of a mixture, (mNcm-2) Volume fraction of rouleaux
0.1 0.003 31 0.44
2 0.018 9 0.05
11 0.075 7 0.03
70 0.3 4.3 0
10 0.09 9 0
Table 15: The dependence of rouleaux formation on the concentration of erythrocytes (48%) on the inner wall of the branching part of 
the vessel.
Yield velocity, (m-1) Shear stress of a mixture, τ 103 (N/
m2), [29]
Viscosity of a mixture, (mNcm-2) Volume fraction of rouleaux
0.05 0.003 60 0.87
0.5 0.018 38 0.61
50 . 0 7 5 1 4 0 . 2 4
30 0.3 10 0.11
10 0.15 15 0.24
Table 16: The dependence of rouleaux formation on the concentration of erythrocytes (58.9%) on the inner wall of the branching part 
of the vessel.
Yield velocity, (m-1) Shear stress of a mixture, τ 103 (N/m2), 
[29]
Viscosity of a mixture, (mNcm-2) Volume fraction of rouleaux
1 0.052 21 0.2
5 0.105 44 0.51
10 0.3 18 0
Table 17: The dependence of rouleaux formation on the concentration of erythrocytes (67.4%) on the inner wall of the branching part 
of the vessel.
Yield velocity, (m-1) Shear stress of a mixture, τ 103 (N/
m2), [29]
Viscosity of a mixture, (mNcm-2) Volume fraction of rouleaux
10 0.3 22.7 0
100 0.3 11.1 0.12
300 0.3 9.8 0.11
Table 18: Summary of some case reports that provide information on time interval between trauma (motor vehicle crash) and acute 
myocardial infarction.
Author Age Mechanism of injury Time interval between trauma and acute myocardial infarction
Boland et al. [14] 32 Motor vehicle crash 4 days
Candell et al. [19] 38 Motor vehicle crash 24 hours
Foussas et al. [47] 26 Motor vehicle crash 17 days
Lee et al. [48] 54 Motor vehicle crash 3 days
Lehmus et al. [49] 62 Motor vehicle crash 1.5 hours
Oliva et al. [50] 44 Motor vehicle crash 24 hours
Vlay et al. [51] 25 Motor vehicle crash 5 daysWorld Journal of Emergency Surgery 2006, 1:28 http://www.wjes.org/content/1/1/28
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vic areas and, therefore, to maximize the protective effects
of seat belts and other safety devices.
Conclusion
The results of this research take into account certain geo-
metrical peculiarities of the branching part of the vessel.
The mathematical model created in this study will
improve our understanding of the complex mechanism of
blunt injury to the vascular wall and, therefore, conditions
such as aortic rupture and traumatic acute myocardial inf-
arction.
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